In vitro autoproteolysis was analyzed by SDS-PAGE at various time points. The overall rate constants in the activation buffer (20 mM Tris [pH 7.4]; 50 mM NaCl; 1 mM EDTA) were determined as described previously .
T152C mutants retained autoproteolysis activity. Like the wild-type precursor, both mutants underwent the type precursor (data not shown). By contrast, the T152A precursor had completely lost its autoproteolytic activity, even in the presence of hydroxylamine. CD spectra whether a single amino acid could reflect the native folding and packing of the intact N-extein domain (130 of the T152A precursor are identical to that of other active precursors (data not shown), suggesting that the amino acids) or have the same energy barrier of cis-trans isomerization at the putative scissile peptide bond. In lack of activity is not the result of misfolding. Instead, the lack of a nucleophilic group in the T152A precursor this work, we have carried out the structural determination of intact precursors that are active in autoproteomay prevent an N → O or N → S acyl shift. In an effort to further slow down autoproteolysis to lysis via an N → O acyl shift. To this end, we have generated several mutants that autoproteolyze but can prepare precursors for crystallization, we found that small amino acids, such as glycine, reversibly inhibit the be reversibly and indefinitely inhibited by glycine. Biochemical evidence is presented to show that the mutant reaction . In the presence of 10 mM glycine, the T152C precursor was stable up to 8 days GA precursors undergo the same autoproteolysis reaction as the wild-type precursor. The GA precursor struc-( Figure 1B ). After removal of glycine by dialysis, the T152C precursor underwent autoproteolysis at position tures reported here define a self-catalytic center for peptide bond rearrangement via an N → O or N → S acyl 152 ( Figure 1A) . Similarly, autocleavage of the W11F precursor was reversibly inhibited by glycine. The reshift. combinant precursor variants were thus produced with glycine in the cell media and purification solutions. No Results and Discussion autoproteolysis was detected for the T152A precursor in the absence or presence of glycine.
Biochemical and Kinetic Characterization of Mutant GA Precursors
The GA precursor autoproteolyzes spontaneously at the
Precursor Structures
The structures of three GA precursors were determined scissile peptide bond between conserved residues Asp-151 and Thr-152. For crystallographic studies of the by X-ray cryocrystallography and refined to 1.9 Å resolution (Table 2) . Apart from differences in the autoproteoautoproteolytic mechanism, active site mutants that have a much slower rate of autoproteolysis were isolytic centers where a single residue was changed (see below), the three precursor structures are essentially lated of the P loop, the main chain of the precursor structure is that is similar to the structure of the autocleaved enzyme crystallized in different crystal forms ( no Gly or Pro is involved. This unusual turn apparently creates conformational strain on the backbone, in that the planarity of the peptide bond ( value) near the The Autoproteolytic Center of a T152C Precursor scissile peptide bond consistently refined to a value The autoproteolytic site is shielded by the P loop, next that deviates significantly from ideality (180Њ for trans). to the partially formed substrate cavity. Autoproteolysis
Residue 152 is the only residue with values that deviresults in structural rearrangements, that is, release/ ated more than 3 standard deviations (more than 20Њ) disorder of the P loop such that the substrate site is from ideality in both molecules of the asymmetric unit, opened ( Figure 3B ) and the newly generated amino terin all three structures reported here (Figures 5A and 5B). minus is exposed for hydrolase activity. The autoproteoIn addition, the backbone angles N-C␣-CЈ () near the lytic site is only accessible to solvent through a narrow scissile peptide bond (e.g., Asp-151) deviate from ideport (arrow in Figure 3A) . In this site, the scissile peptide ality (110Њ) by more than 2 standard deviations (‫9ف‬Њ for bond is located at the junction of the P loop and a ␤ each residue). Together, these main chain distortions strand, next to the partial substrate site occupied by a can raise the energy by more than 5 kcal/mol for each glycine molecule in the precursor/inhibitor complexes. distorted residue (Balasubramanian and Ramakrishnan, Figure 4A shows the electron density map at the cleavage site of the T152C precursor. The backbone at the 1972). Refinement of structure with much more tightly The Autoproteolytic Center of a W11F Precursor The structure of a second autoproteolysis active precurthat the main chain distortion could be underestimated when using the "ideal" weight between experimental sor, W11F, also reveals a highly strained tight turn at the scissile peptide bond. An electron density map from data and empirical energy function in the refinement (Brü nger, 1992a). This unusual peptide conformation the cleavage site of the W11F precursor is shown in Figure 4B . As a result of the tight turn, the side chains does not result from the binding of the glycine inhibitor, since in the absence of glycine the structure of the T152A of residues Asp-151 and Thr-152 are in close contact, such that one side chain carboxylate oxygen of the Aspprecursor also reveals a strained tight turn. In the T152C precursor, the binding of glycine locks the thiol group 151 forms a hydrogen bond with the hydroxyl oxygen of Thr-152 to enhance its nucleophilicity. Furthermore, in an inactive side chain rotamer, pointing away from the carbonyl carbon of the scissile peptide bond. This the hydroxyl group of Thr-152 is oriented toward the scissile peptide bond in an orientation suitable for a appears to be due to a favorable packing of the thiol group into a small pocket formed between side chains nucleophilic attack at the carbonyl carbon of Asp-151. away from the glycine-binding site (green bonds in Fig- basic. This mode of inhibition by glycine could also occur in the T152S (a Thr to Ser mutation) precursor. Howure 5C) relative to those in the T152C precursor (disever, as pointed out above, glycine does not inhibit autoplaced by ‫1ف‬ Å ; the rmsd of all other active site residues proteolysis of the wild-type enzyme. Nature has thus between the two precursor structures is 0.20 Å ). It is of selected a Thr as the nucleophile for GA to prevent interest to note that autoproteolysis of the wild-type inhibition by small amino acids that are abundant in precursor is not inhibited by glycine, suggesting that in cells. It is of interest to note that proteasomes also use the wild-type precursor, the partially formed substrate a Thr as the nucleophile even though replacement by a cavity is smaller or less flexible than that of the W11F Ser in the archaebacterial proteasome still allows full precursor. Thus, in the wild-type precursor, the two resiproteolytic activity (Seemü ller et al., 1995). It is possible dues bracketing the scissile peptide bond would have that Thr has also been conserved in the active sites of conformations closer to those in the T152C precursor proteasomes, from bacteria to human, to ensure enzythan in the W11F precursor. The rest of the structure matic activation by autoproteolysis. In the case of the is essentially identical to that of the T152C precursor W11F precursor, Thr-152 is in an appropriate orientation (rmsd ϭ 0.22 Å for 278 residues; Figure 5C ).
to attack the scissile peptide bond even in the presence of the inhibitor glycine. Small but significant reorganizaReversible Inhibition by Glycine tions were observed on residues 151 and 152 in the As discussed above, glycine inhibits autoproteolysis of W11F structure ( Figure 5C ). These geometric perturbathe T152C precursor by locking its nucleophile in an tions could account for the 600-fold reduction in the inactive conformation. Furthermore, in the T152C preautoproteolysis rate of the W11F precursor. In an analocursor, the ␣-amino group of glycine also makes a hygous case with isocitrate dehydrogenase (Mesecar et drogen bond with the side chain of Asp-151 ( Figure 5C); al., 1997), small changes in distance (Ͻ1.55 Å ) and orientation of reacting groups results in a large reduction a protonated amino group would make Asp-151 less (10 Ϫ3 to 10 Ϫ5 ) in the reaction rate. But questions remain holds the side chain of Thr-203 into a less popular rotamer conformation, such that it forms a hydrogen bond concerning the mechanism of glycine inhibition of autoproteolysis of the W11F precursor (Guan et al., 1998) .
with a carboxylate oxygen of the Asp-151 side chain. As a result, the second carboxylate oxygen of Asp-151 In addition to locking residues 151 and 152 to a nonproductive geometry, we propose that glycine could also is positioned to act as a general base and deprotonate the hydroxyl oxygen of Thr-152 to enhance its nucleoreplace solvent molecules that bridge and relay the positive charge from Arg-180 to the proposed oxyanion hole philicity. In vivo, human GA precursor autoproteolyzes in the endoplasmic reticulum, where the equivalent to of Thr-170 (see below). In line with this proposal, mutation of Arg-180, which is more than 6 Å away from other Asp-151 is likely to be mainly in its basic form (Ikonen et al., 1993) . Determination of the pK a value of Asp-151 residues of the autoproteolytic center, dramatically reduces autoproteolysis Liu et al., 1998) . in the precursor is underway. Second, a nucleophilic attack on the carbonyl carbon of Asp-151 by the hydroxyl oxygen of Thr-152 would result in a tetrahedral An Atomic Model of the Wild-Type Precursor Based on the structures of the two active precursors intermediate with a negatively charged carbonyl oxygen stabilized by an oxyanion hole. The oxyanion hole is W11F and T152C, an atomic model for the wild-type precursor has been constructed ( Figure 5D ). This model formed by a bound water molecule and the side chain hydroxyl group of Thr-170 that is positively polarized by was mainly derived from the W11F structure because of the higher quality of its diffraction data and refined another solvent molecule interacting with Arg-180. This oxyanion hole is different from the one that functions in structure (see Experimental Procedures and Table 2 ), with some modifications. As discussed above, the con-GA hydrolase activity and for which Thr-203 and Gly-204 form the putative oxyanion hole (Guo et al., 1998). formations of Asp-151 and Thr-152 in the wild-type precursor are likely to be closer to those in the T152C Third, collapse of the tetrahedral intermediate shifts the linkage from an amide bond to an ester bond (N → O structure. We thus rebuilt these two residues based on the T152C structure, but the side chain orientation of acyl shift). In this step, the protonated side chain of Asp-151 could aid the leaving amino group. The strained Thr-152 is modeled to reflect the active conformation in the W11F structure. In addition, side chain conformatight turn observed in the peptide backbone near the scissile peptide bond would drive the equilibrium toward tions of Trp-11 and Thr-203 were rebuilt to restore the hydrogen bond network in the T152C structure Cys. The equilibrium, however, can be shifted toward a trough between Trp-11 and Phe-13 that helps in mainthe ester when its formation may relieve some backbone taining the precise geometry of the scissile peptide conformational strain such as that observed in the GA bond. This represents a subtle structural factor that has precursor structures. The equilibrium can also be shifted also been implicated in driving protein splicing of Sactoward ester formation by the presence of a general charomyces cerevisiae VMA intein (Chong et al., 1998) .
acid-base catalyst, such as Asp-151, which may rapidly It is generally conceived that a cis peptide bond has protonate the leaving amino group. a higher energy than the trans isomer. However, since Although a similar mechanism is likely to occur in peptide bonds are biochemically synthesized in a trans other self-catalyzed peptide bond rearrangements via configuration, the existence of cis peptide bonds in crys-N → O or N → S acyl shifts, some differences are noted tal structures indicates that distorted trans isomers at among these systems. Depending on their individual these positions would be even more energetically unfastructures, either Thr, Ser, or Cys functions as the nuvorable. Indeed, the autoproteolytic site of GA precurcleophile. Nature has selected Thr as the nucleophile sors reveals a highly strained and distorted trans configfor GA to eliminate a nonproductive side chain rotamer uration that may generate the potential for autocleavage. 
